The parabasalid protist Trichomonas vaginalis is a widespread parasite that affects humans, frequently causing vaginitis in infected women. Trichomonad mitosis is marked by the persistence of the nuclear membrane and the presence of an asymmetric extranuclear spindle with no obvious direct connection to the chromosomes. No centromeric markers have been described in T. vaginalis, which has prevented a detailed analysis of mitotic events in this organism. In other eukaryotes, nucleosomes of centromeric chromatin contain the histone H3 variant CenH3. The principal aim of this work was to identify a CenH3 homolog in T. vaginalis. We performed a screen of the T. vaginalis genome to retrieve sequences of canonical and variant H3 histones. Three variant histone H3 proteins were identified, and the subcellular localization of their epitope-tagged variants was determined. The localization of the variant TVAG_185390 could not be distinguished from that of the canonical H3 histone. The sequence of the variant TVAG_087830 closely resembled that of histone H3. The tagged protein colocalized with sites of active transcription, indicating that the variant TVAG_087830 represented H3.3 in T. vaginalis. The third H3 variant (TVAG_224460) was localized to 6 or 12 distinct spots at the periphery of the nucleus, corresponding to the number of chromosomes in G 1 phase and G 2 phase, respectively. We propose that this variant represents the centromeric marker CenH3 and thus can be employed as a tool to study mitosis in T. vaginalis. Furthermore, we suggest that the peripheral distribution of CenH3 within the nucleus results from the association of centromeres with the nuclear envelope throughout the cell cycle.
T
he widespread human parasite Trichomonas vaginalis is a protist from the Parabasala group (5) . The parasite causes a sexually transmitted disease, trichomoniasis, which is a common cause of vaginitis (30) . In addition, trichomoniasis has been reported to be associated with an increased risk of human immunodeficiency virus infection, an increased risk of cervical cancer, and adverse outcomes of pregnancy (14) . The strikingly large repetitive genome of T. vaginalis (ϳ160 Mb) is tightly packed into six chromosomes (4) . Trichomonad nuclei divide by a specific form of mitosis called cryptopleuromitosis, during which the nuclear envelope is retained, the mitotic spindle is lateral, and its microtubules do not enter the nucleus or contact chromosomes directly (26) . These features discriminate trichomonad mitosis from open mitosis, in which the nuclear envelope breaks down, from closed mitosis, which involves an intranuclear spindle, and from semiopen mitosis, in which microtubules of the extranuclear spindle penetrate through the nuclear envelope (25) .
Kinetochore complexes mediate the capture of chromosomes by spindle microtubules and the migration of chromosomes to the cellular poles. These large proteinaceous structures are formed at the sites of centromeres. Kinetochores are transiently assembled during mitosis and display great structural diversity, while centromeres are present throughout the cell cycle. Centromeric chromatin is defined by the presence of the centromeric histone H3 variant (CenH3, also known as CENP-A), which replaces the core H3 histone in centromeric nucleosomes. CenH3 is crucial for recruitment of kinetochore proteins and thus serves as an epigenetic marker of the site where kinetochores assemble on the centromere (29) .
Apart from CenH3, H3.3 is another variant of the core H3 histone. The protein sequence of histone H3.3 is almost identical to that of core H3, and both core H3 and H3.3 carry conserved lysines, which can be methylated. H3.3 is found in transcriptionally active chromatin and in pericentric heterochromatin and telomeres, as shown recently (35, 36) . Unlike H3.3, CenH3 is a highly divergent variant of the core histone. In the C-terminal histone fold domain (HFD), the CenH3 variant shares 50 to 60% sequence similarity with core H3. Compared with core H3, CenH3s contain an N-terminal extension of variable length and primary structure (9) . CenH3s have been identified in all eukaryotes studied to date, with the exception of Trypanosoma brucei (20) . However, the origin of CenH3 is unclear. Phylogenetic analyses did not support CenH3 as a monophyletic group. Consequently, CenH3 function cannot be assigned to H3 variants without experimental characterization (9, 24) . Other specific variants of histone H3 have evolved in the parasitic protists T. brucei and Giardia intestinalis. T. brucei histone H3V is enriched at telomeres and is a candidate variant that possibly serves as a substitute for CenH3 (20) , while G. intestinalis histone H3B marks noncentromeric heterochromatin (9) .
The mechanism of chromosome segregation and, in particular, the molecular basis of the interaction between spindle microtubules and chromosomes are virtually unknown in T. vaginalis. A set of spindle microtubules that contact the nuclear envelope has been observed; however, whether and how they interact with kinetochores is unclear. Several reports have suggested that spindle microtubules bind to kinetochores inserted into the nuclear membrane (3, 18, 25) . However, this view was challenged by Ribeiro et al. (27) . The investigation of this interaction is complicated by the lack of suitable centromeric markers. Therefore, the aim of this work was to identify T. vaginalis CenH3, to distinguish this pro-tein from core H3 and possible other H3 variants, and to investigate its nuclear localization during the cell cycle. Our bioinformatic analysis of T. vaginalis H3 paralogs revealed three distinct H3 variants. These variants were expressed with a C-terminal hemagglutinin (HA) tag in T. vaginalis, and their deposition in chromatin during the cell cycle was examined. The first H3 variant (TVAG_087830) localized in a similar manner as H3.3, and it colocalized with an antibody against H3K4 methylation, which defines transcriptionally active sites. The second H3 variant (TVAG_185390) was deposited in bulk chromatin and resembled the canonical histone H3 (TVAG_270080) in distribution, although it has a rather divergent protein sequence. The third H3 variant (TVAG_224460), which possesses an N-terminal extension, localized mostly to 6 or 12 distinct spots at the periphery of the nucleus. We propose that this variant corresponds to the centromeric marker CenH3 and that centromeres are associated with the nuclear envelope during the cell cycle.
MATERIALS AND METHODS
Cell culture. Trichomonas vaginalis strain T1 (kindly provided by J.-H. Tai, Institute of Biomedical Sciences, Taipei, Taiwan) was used in this study. Cells were grown in tryptone-yeast extract-maltose medium (pH 6.2) supplemented with 10% heat-inactivated horse serum at 37°C (11) .
Sequences and variant histone H3_HA constructs. Protein sequences of core histones and their variants found in selected members of main eukaryotic groups, including Opisthokonta, Amoebozoa, Plantae, Chromista, and Excavata (see Table S1 in the supplemental material), were used as queries to screen the trichomonad genome database TrichDB (http://trichdb.org/trichdb). For a complete list and copy number of T. vaginalis histone genes identified in the T. vaginalis genome, see Table S2 and Fig. S1 in the supplemental material. Sequences of H3 and variant H3 proteins from other organisms were downloaded from the NCBI Protein Database (http://www.ncbi.nlm.nih.gov). Protein sequences were aligned using the ClustalX program (37) and manually edited using BioEdit software (17) . Secondary structures were inferred from published crystal structures of chicken core H3 (1tzy_C) and human CENP-A (3nqu_A) (31, 40) or predicted using the HHpred server (http://toolkit.tuebingen .mpg.de/hhpred) (32) . The coding sequences of four selected H3 histones without their stop codons (TVAG_270080, TVAG_087830, TVAG_224460, TVAG_185390) were PCR amplified and cloned into the T. vaginalis expression vector TagVag (12) with a sequence coding for a double HA tag at the 3= end. The following primers, including terminal 5= NdeI and 3= BamHI restriction sites (shown in italics), were used: TVAG_270080, 5=-CATATGGCTCGTACAAAGCAG-3= and 5=-GGATC CGTTACGTTCTCCGCGGAT-3=; TVAG_087830, 5=-CATATGGCTCG TACTAAGCAA-3= and 5=-GGATCCATTACGCTCTCCGCGGAT-3=; TVAG_224460, 5=-CATATGGCCAGTACCCGAATC-3= and 5=-GGATC CCTCAGTAATTGAATCGCC-3=; and TVAG_185390, 5=-CATATGGA GGAGGAACCTCGG-3= and 5=-GGATCCGCGATCTCCGCGGAGTC T-3=. Genomic DNA was isolated from trichomonads using a High Pure PCR template preparation kit (Roche) and was used as a template for PCR.
Selectable transformation of Trichomonas vaginalis. Trichomonads were electroporated with the histone H3_HA constructs and maintained as described by Sutak et al. (34) . Briefly, cells were pelleted by centrifugation, resuspended in fresh medium, and mixed gently with the TagVag constructs (300 l of cell suspension, 50 g DNA). A GenePulserXL apparatus (Bio-Rad) was used for electroporation (350 V; time constant, 175 ms). After 4 h, G418 (200 g/ml; PAA Laboratories) was added to the transformants. Expression of tagged proteins was analyzed at 10 to 14 days after transformation.
Immunofluorescence microscopy. The trichomonad culture was enriched in mitotic cells according to the protocol described by TorresMachorro et al. (38) . Trichomonads were cultivated with 1 mM colchicine (Sigma-Aldrich) for 6 h, followed by 5 min of hypotonic swelling in 75 mM KCl (42) . Before immunodetection of HA-tagged histones, chromosomes were treated on microscope slides with 0.1% SDS for 15 min. Microscope slides were prepared according to the protocol described by Sutak et al. (34) . Briefly, the cells were fixed with methanol and acetone on microscope slides and blocked in phosphate-buffered saline containing 0.25% bovine serum albumin, 0.25% gelatin, 0.05% Tween 20. HAtagged histones were detected using a mouse anti-HA monoclonal antibody (Exbio, Prague, Czech Republic). A rabbit anti-monomethylated H3K4 polyclonal antibody (Millipore) was used for detection of transcriptionally active regions. Donkey anti-mouse Alexa Fluor-488 and anti-rabbit Alexa Fluor-546 antibodies (Molecular Probes) were used for immunostaining. The cells were mounted in Vectashield with DAPI (4=,6-diamidino-2-phenylindole; Vector Labs). Fluorescence microscopy was performed using an IX81 microscope with an IX2-UCB camera, and images were processed using Cell software (Olympus). Cell section images were analyzed using ImageJ software (NIH, Bethesda, MD).
RESULTS AND DISCUSSION
T. vaginalis genome database screen and analysis of H3 variant protein sequences. Although histones are among the most conserved proteins in eukaryotes, the core H3 and H4 histones from protists, including trichomonads, show remarkable sequence diversity compared with better-studied metazoan histones (22, 24) . Consequently, current annotations of H3 histones and H3 variants are rather confusing in the T. vaginalis genome database, in which 12 histones are annotated as putative CenH3/CENP-A variants (http://trichdb.org/trichdb). Our screen of the T. vaginalis genome database revealed that all core histones are present in the T. vaginalis genome in multiple copies. In a haploid genome, there are 17 copies of histone H2A, 14 copies of H2B, and 21 copies of H4 (see Tables S1 and S2 in the supplemental material). The putative histone H3 is encoded by 23 genes, 20 of which are 100% identical at the amino acid sequence level and 88.7 to 99.7% identical at the nucleotide level (see Fig. S1 in the supplemental material). These sequences correspond to the core H3 histone of T. vaginalis described previously by Marinets et al. (22) . The gene TVAG_270080 was randomly selected as a representative gene for the core H3 genes (Fig. 1) . The three single-copy genes TVAG_087830, TVAG_185390, and TVAG_224460 displayed 95.7%, 48.9%, and 49.6% identity with T. vaginalis core H3, respectively. The genes coding for the core histones are commonly present in repeat arrays, while histone variants are found in single copies (36) . Thus, these divergent H3 histones were obvious candidates for H3 variants.
The H3 variant TVAG_087830 displayed hallmarks of H3.3. The protein sequences of H3.3 histones are almost identical with the sequence of core H3, except for 4 to 6 amino acids (19) . In TVAG_087830, these substitutions occur at positions 11 (serine for threonine), 29 (serine for alanine), 30 (threonine for isoleucine), 33 (isoleucine for valine), 99 (serine for alanine), and 131 (glutamine for methionine) (Fig. 1) . The secondary structure prediction for T. vaginalis H3 assigns four of these substitutions to the N-terminal tail of the protein (T11, A29, I30, and V33) and one of them to the ␣2 helix of the HFD (A99). This distribution is similar to what was observed in other species (Fig. 1) (19 ). An additional substitution occurs in T. vaginalis in the ␣3 helix of the HFD (M131), which was described in Tetrahymena thermophila as well (7) . The core H3 and the H3.3 variant contain conserved lysine (K) residues that undergo modifications, such as acetylation and methylation, and are involved in the activation or repression of transcription (Fig. 1) . Although the effects of specific histone modifications depend on the context in which they are presented, generally, methylated K4, K36, and K79 of H3 are considered to mark active genes, while methylation of K9 and K27 corresponds with gene silencing. Lysines, which can be acetylated, occur at positions K9, K14, K18, and K23 within the N-terminal tail and at position K56 within the histone fold; in this region, the DNA enters and exits the nucleosome (39) . A complete set of conserved lysines is present at the N terminus of T. vaginalis H3 and H3.3 at positions corresponding to K4, K9, K14, K17, K23, K27, K36, and K37, as well as the conserved lysine within the HFD (K56) (Fig. 1) . In T. vaginalis core H3 and H3.3, K79 is replaced by an arginine (R81). Protein arginine methyltransferases acting on histones have been described, and eight putative arginine methyltransferases were annotated in the T. vaginalis genome (15) . Thus, methylation of R81 may be involved in the regulation of gene expression.
According to their protein sequences, either of the other two H3 variants (TVAG_185390, TVAG_224460) might serve as a marker of trichomonad centromeres (Fig. 1) . Generally, centromeric H3 variants lack a conserved sequence motif, but their protein sequences share several specific features (1, 19) . We found that TVAG_185390 and TVAG_224460 conform to most of the following criteria. (i) CenH3s have divergent N termini when aligned with canonical histone H3 and very often carry extensions of up to ϳ150 amino acids (9) . The N-terminal portions of both putative CenH3s of T. vaginalis are divergent. TVAG_224460 possesses an N-terminal extension of 14 amino acids, while the N-terminal sequence of TVAG_185390 is 3 amino acid residues shorter than that of core H3. (ii) Within the C-terminal HFD, CenH3s typically share only 50 to 60% identity with canonical H3 (6, 20) . Putative CenH3s of T. vaginalis share 60% and 61% sequence identity with canonical H3 within the HFD. (iii) All experimentally validated centromeric H3 variants have at least 1 amino acid residue insertion in HFD loop 1. Insertion of a single amino acid is present in loop 1 of the variant TVAG_185390 as well as TVAG_224460. (iv) A conserved glutamine residue in the ␣1 helix of core histone H3 is often substituted in CenH3s (20) . Accordingly, this substitution occurs in the TVAG_185390 variant; however, the glutamine is retained in the TVAG_224460 variant (Fig. 1) .
In conclusion, our analysis of primary sequences suggested that TVAG_087830 was a candidate H3.3 histone, while TVAG_185390 and TVAG_224460 may represent CenH3 in T. vaginalis.
Localization of H3 variants in chromatin.
To examine the chromatin distribution of T. vaginalis histone H3 and H3 variants, we constructed plasmids encoding fusion proteins consisting of histones with a C-terminal HA tag. Expression of core H3-HA or its variants did not affect the viability or growth of the cultures (see Fig. S2 in the supplemental material) . Western blot analysis of transformed cells using an anti-HA tag antibody revealed the presence of proteins of 20 kDa, a size that corresponds to the expected sizes of H3-HA histones (data not shown). Indirect fluorescent staining for core H3-HA showed a diffuse distribution throughout interphase nuclei and along the arms of metaphase chromosomes ( Fig. 2 and 3 ). This distribution is consistent with the localization of core H3 observed in various eukaryotic cell lines (36) .
Expression of TVAG_087830-HA revealed a punctate pattern throughout interphase nuclei (Fig. 2) . Numerous distinct foci were also observed on metaphase chromosomes (Fig. 3) . This pattern indicated a distribution of the H3.3 variant whereby it is enriched at transcriptionally active sites (36) . However, utilization of H3.3 is not universal, and in some eukaryotes, canonical H3-containing nucleosomes occur both in bulk chromatin and in transcriptionally active genes (1, 35, 36) . An example of a species in which the H3.3 variant is missing is the diplomonad G. intestinalis, a close relative of T. vaginalis (9) . This organism possesses a unique H3B variant. Similar to the results obtained with TVAG_087830-HA, H3B is also present in distinct foci. However, H3B does not define sites of active transcription, and its function is unknown (9) . To distinguish whether TVAG_087830 is indeed H3.3 or rather an H3B-like variant, we assessed the localization of TVAG_087830-HA by immunostaining with an antibody specific for monomethylated H3 at K4 (mH3K4) as a marker for transcriptionally active sites. The pattern of TVAG_087830-HA distribution showed that it mainly colocalized with foci stained by the anti-mH3K4 antibody ( Fig. 3 and 4) . Thus, we assume that TVAG_087830 acts as an H3.3 variant and that methylated H3.3-containing nucleosomes are present in actively transcribed regions in T. vaginalis.
Although the sequences of both trichomonad divergent histone variants (TVAG_185390 and TVAG_224460) show several features of CenH3s, expression of TVAG_185390-HA resulted in its uniform deposition in whole interphase nuclei and along entire arms of metaphase chromosomes, similar to core H3, and thus, TVAG_185390-HA did not conform to CenH3 (Fig. 2 and 3 ). This H3 variant was named H3T. In contrast, immunostaining of trichomonads expressing TVAG_224460-HA indicated a centromeric localization. CenH3 staining typically reveals multiple foci corresponding to chromosome number (8) or occurs exceptionally as a single dot, e.g., in the nuclei of Toxoplasma gondii, where all chromosomes are restrained close to one another in a specific region of the nucleus (2). In T. vaginalis, immunostaining of TVAG_224460-HA yielded two distinct patterns: (i) TVAG_ 224460-HA was observed as six discrete dots in 20% of examined cells, corresponding to the number of T. vaginalis chromosomes in the G 1 phase (13), or (ii) TVAG_224460-HA appeared as six sets of double dots in about 80% of nuclei. This result is consistent with a duplicated chromatin state and monocentric chromosome appearance during the G 2 phase of the cell cycle, which is a dominant phase in T. vaginalis cultures (10, 28) . Importantly, single as well as double dots organized at the periphery of the interphase nucleus. This type of localization is consistent with an association of the centromere and/or kinetochores with the nuclear envelope, which allows their binding to spindle microtubules during mitosis. This localization also suggests that centromeres may associate with the nuclear membrane during the entire cell cycle. Specific foci of TVAG_224460-HA on parallel sister chromatids were also visible on metaphase chromosomes. However, to allow access of antibodies to the centromeric region for detection of TVAG_ 224460-HA in chromatids, the chromosomes were treated with SDS, which slightly affected their morphologies. In particular, chromosome constrictions were not clearly visible under these conditions; thus, the exact position of TVAG_224460-HA was not resolved. Apart from centromere-like staining, some signals for TVAG_224460-HA were observed in noncentromeric chromatin, indicating artifacts of CenH3 overexpression. The mammalian CenH3 homolog CENP-A was incorporated into chromatin of chromosome arms upon overexpression (33) . Alternatively, the deposition of T. vaginalis CenH3 outside the centromeres is connected with its putative role in DNA repair, as previously suggested for CENP-A (41).
Our analysis of the pattern of CenH3 deposition into T. vaginalis chromatin complements earlier studies focusing on the T. vaginalis karyotype. The presence of distinct CenH3 foci corresponding to the number of chromosomes supports the view that trichomonad chromosomes are monocentric with point centromeres rather than holocentric with diffuse kinetochores spread along the entire length of chromatids (13) . In holocentric chromosomes, CenH3 staining localizes as a band on the edge of each sister chromatid facing toward spindle microtubules (10, 23); we did not observe such a pattern in T. vaginalis. The presence of primary constrictions representing centromeres indicates the monocentric nature of chromosomes in T. vaginalis; furthermore, these structures are absent in holocentric chromosomes (1, 16, 21) . A clearly visible constriction is found on four out of six chromosomes (chromosomes I, III, IV, V) during mitotic metaphase in T. vaginalis (13) . Studies based on fluorescence in situ hybridization showed that the site of constriction of chromosome IV represents the site of a ribosomal DNA gene cluster, and thus, it is a secondary constriction (38, 43) . Because all rRNAs are encoded on chromosome IV, the subtelomeric constrictions on chromosomes I, III, and V must be primary constrictions within the centromeric regions.
Conclusion. In this study, we identified three histone variants in T. vaginalis: H3T, which is distributed as core H3; an H3.3 variant that marks the sites of active transcription; and CenH3, which localizes to the centromeres. The protein sequence of HFD of T. vaginalis CenH3 is different from the sequences of experimentally validated centromeric histones in other species: similar to the canonical H3, T. vaginalis CenH3 retains a conserved glutamine in the ␣1 helix. We can only speculate whether it has any consequences with respect to DNA binding or interaction with other proteins. It is possible that this structural feature is involved in the specific mitosis of trichomonads. Mitosis occurs in a unique manner in trichomonads; during its course the nuclear envelope does not break down, and the mitotic spindle is extranuclear and does not penetrate inside the nucleus. Having a marker for centromeres provides us with a tool to elucidate whether the centromeres interact with the nuclear membrane and to study the possible involvement of nuclear pores in the attachment of chromosomes to spindle microtubules. Because several other members of the kinetochore complex were annotated in the T. vaginalis genome (e.g., CENP-B or CENP-C homologs), it would be interesting to define their roles in the formation of the trichomonad centromere/kinetochore complex during mitosis.
